INTRODUCTION
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In marine systems, certain FAs can be used as indicators for the general type of primary producer in which they originated (Sargent et al. 1988 ). These marker FAs, when found in consumer tissues, can be used to characterize some food webs. For example, mangrove and seagrass ecosystems are well suited to this type of marker analysis, as these inputs of primary production are indistinguishable by the presence of long-chain FAs unique to angiosperms (Nichols et al. 1986 , Kharlamenko et al. 2001 , Alfaro et al. 2006 , Hall et al. 2006 . In systems with several taxonomically similar primary producers, a higher level of resolution may be necessary to understand trophic relationships. In general, marine macroalgae can be identified to species level using FA analysis (Graeve et al. 2002 , Khotimchenko et al. 2002 , Nelson et al. 2002 , Khotimchenko 2003 , and further distinction among macroalgal sources of primary production may be possible at higher trophic levels, such as in fish consumers (Rooker et al. 2006) .
In vertebrate predators, the array of FAs (i.e. the fatty acid signature; Iverson 1993) in fat stores indicates specific prey consumption (Kirsch et al. 1998 , Iverson et al. 2004 , Nordstrom et al. 2008 . However, the same taxonomic resolution may not be attainable with certain invertebrate herbivores, which are capable of greatly modifying or biosynthesizing FAs (Dalsgaard et al. 2003 , Iverson 2009 ). Numerous studies have used field measurements of marker FAs in invertebrate herbivores to evaluate diet (Bottino 1974 , Hayashi & Takagi 1977 , Takagi et al. 1980 or to trace sources of primary production (Nichols et al. 1986 , Pond et al. 1995 , Kharlamenko et al. 2001 , Reuss & Poulsen 2002 , Alfaro et al. 2006 . Others have studied the effects of known diets on consumer FA composition (Graeve et al. 1994 , Pantazis et al. 2000 , Castell et al. 2004 , Hall et al. 2006 . Few studies have compared the FA composition of such organisms fed known diets in the laboratory with those collected from the wild in order to infer diet of wild collected animals (Cook et al. 2000) . The use of FAs as dietary tracers in invertebrate grazers requires controlled feeding experiments, employing naturally occurring diets, before the technique can be applied in the field.
The green sea urchin Strongylocentrotus droebachiensis is an ideal model organism to study the effects of dietary FAs on an invertebrate herbivore because it is a generalist grazer whose feeding ecology is well known from field studies (reviewed by Scheibling & Hatcher 2007) . In the rocky subtidal ecosystem of Nova Scotia, the urchin plays a key role in driving phase shifts between 2 states: kelp beds (mainly Saccharina longicruris and Laminaria digitata) with a low urchin density, and barrens, dominated by urchins and encrusting coralline algae (Phymatolithon spp., Lithothamnion glaciale, Clathromorphum circumscriptum) (Scheibling 1986 , Lauzon-Guay & Scheibling 2007 . Dense feeding aggregations of urchins (fronts) destructively graze kelp beds, while more scattered populations of urchins consume coralline algae and microalgal films in barrens (Johnson & Mann 1982 , Scheibling 1986 , Scheibling et al. 1999 , Lauzon-Guay & Scheibling 2007 . Urchins in kelp beds and feeding fronts have a higher nutritional condition than do those in barrens, and develop a larger gonadal mass (Meidel & Scheibling 1998) .
Most lipid storage in sea urchins occurs in the gonads, and several studies have compared FA signatures of urchin gonads on kelp diets with those of urchins on a variety of artificial diets in fisheries and aquaculture applications (Cook et al. 2000 , LiyanaPathirana et al. 2002 , Castell et al. 2004 . While these studies have shown that FA compositions of urchins resemble those of their diets to some extent, the experimental diets were markedly different from each other and bore little resemblance to food normally encountered by urchins in the wild (i.e. experimental diets were composed of different nutrients and/or had higher dry matter and fat contents). Our study evaluates the use of FAs as dietary tracers at the base of naturally occurring rocky subtidal food webs from macroalgae to sea urchins. To determine the degree to which dietary FAs are deposited directly into urchin tissues, we compared FA compositions of 4 natural algal diets to those of gonadal tissue produced by urchins fed each diet. We also examined the FA compositions of urchins collected from 2 subtidal areas, a grazing front along the edge of a kelp bed and an adjacent urchin barrens, to compare these with the FA compositions of urchins fed the 4 algal diets in the laboratory.
MATERIALS AND METHODS
Feeding experiment. Our experiment was part of a broader study to examine growth, reproduction and physical performance of Strongylocentrotus droebachi-ensis fed dominant species of macroalgae from urchin barrens, using kelp Saccharina longicruris, a species absent in barrens but resulting in high rates of somatic and gonadic growth (Scheibling & Hatcher 2007) , as a control. Urchins were collected by divers in February 2006 from a grazing front at the lower margin of a kelp bed (S. longicruris and Laminaria digitata) at Splitnose Point (44°28.609' N, 63°32.741' W), near Halifax, Nova Scotia, Canada. Urchins were maintained in 75 l glass aquaria supplied with flowing seawater and fed 50 g of kelp (S. longicruris) once or twice weekly (ad libitum) for 12 wk, and then fasted for 2 wk until the start of the experiment. On 9 June, 20 urchins were placed in each of 5 replicate aquaria for each of 4 algal diets: (1) a kelp of low preference rank (Agarum clathratum), (2) crustose coralline algae (Phymatolithon spp., Lithothamnion glaciale, Clathromorphum circumscriptum), (3) a chemically defended brown alga (Desmarestia viridis) and (4) a highly preferred kelp (S. longicruris). Algae were collected by divers from Splitnose Point as needed throughout the experiment; A. clathratum, D. viridis and S. longicruris were cut off above the holdfast, and corallines were chipped off the seabed using hammers and chisels. Algae were maintained in aquaria supplied with flowing seawater. Urchins were fed each diet ad libitum (once or twice weekly) for 14 wk. Algal rations were blotted with paper towel for 40 to 60 s and weighed before being added to urchin aquaria, with the exception of D. viridis, which was blotted more rapidly (10 to 15 s) to avoid release of sulfuric acid caused by contact with air. Uneaten pieces of algae were blotted, weighed and discarded before fresh rations were added so that consumption could be estimated for each feeding interval. At the end of the experiment, 5 urchins per tank were randomly selected for FA analysis.
In November 2007, 20 urchins were collected from the grazing front at Splitnose Point and another 20 from the coralline algae dominated barrens about 10 m offshore of the front. Kelp biomass at the grazing front consisted of approximately equal proportions of Saccharina longicruris and Laminaria digitata (LauzonGuay & Scheibling 2007) . Urchins were held in flowing seawater tanks for 24 h before being sacrificed for FA analysis.
Lipid extraction. Algae were blotted to remove excess water and visually examined for epibionts, which were removed prior to processing. Whole thalli of Desmarestia viridis were homogenized using a handheld immersion blender; kelps (Saccharina longicruris, Agarum clathratum) were coarsely chopped and homogenized into a paste using a mortar and pestle; fragments of coralline algae (chipped or pried off the bottom with a diver's knife) were crushed with mortar and pestle. Samples of each alga weighing 9.0 g (n = 2 for coralline algae and D. viridis, n = 3 for A. clathratum and S. longicruris), each from a different thallus where applicable, were weighed before adding 20 ml chloroform and 10 ml methanol containing 0.01% butylated hydroxytoluene (BHT) as an antioxidant.
Gonads were excised from 10 randomly selected urchins per diet treatment and stored at -20°C for 30 to 90 d prior to lipid extraction. For lipid extraction, 1.5 g of gonad from each urchin was manually homogenized with 20 ml chloroform and 10 ml methanol containing 0.01% BHT.
Lipid extraction protocols were modified from Folch et al. (1957) . The samples in solvent (urchin gonad or algae) were filtered (Fisher P8 filter paper) to remove residual tissue before adding 7 ml of 5% NaCl. Samples were shaken and then centrifuged for 20 min. The lipid-containing lower phase was filtered through NaSO 4 and evaporated to dryness under nitrogen at 25 to 30°C in a pre-weighed boiling tube. The boiling tube was re-weighed to calculate the amount of crude lipid for each sample.
Fatty acid methyl ester (FAME) preparation and analysis. To prepare lipids for FA analysis, crude lipid was dissolved in 1.5 ml methylene chloride with 0.01% BHT and subjected to acidic transesterification (H 2 SO 4 in methanol) to produce FA methyl esters (FAME), as described in Budge et al. (2006) . FAME were purified to remove proteins and pigments using thin layer chromatography (TLC). FAME were dissolved in hexane and spotted onto silica TLC plates (Sigma) and developed in a TLC chamber with 90:10:1 petroleum ether : ethyl ether : acetic acid for approximately 45 min. Plates were sprayed with 2, 4 dichlorofluorescein and viewed under UV light to mark the FAME containing band. The FAME containing band was then scraped from the silica plate and transferred to a funnel packed with silane treated glass wool. Chloroform containing 0.01% BHT was used to dissolve FAME into a pre-weighed tube. The sample was evaporated to dryness under nitrogen at 25 to 30°C and hexane was added to a final concentration of 50 mg ml -1 . Samples were stored at -20°C prior to analysis.
Duplicate samples of FAME were analyzed and FAs identified using temperature programmed gas chromatography (Iverson et al. 1997 , Budge et al. 2006 .
Statistical methods. Lipid content of urchin gonads (% wet wt) was compared across the 6 treatments using 1-way ANOVA. Lipid content data met ANOVA assumptions of normality and homoscedasticity, and were not transformed prior to analysis. Post hoc pairwise comparisons were made using Bonferroni adjustments for multiple comparisons.
Samples with a FAME weight ≥0.005 g (64 out of 80 samples; 4 samples from each diet group of laboratory fed urchins were eliminated due to low FAME weight) were used in multivariate analyses. Only FAs with an overall mean contribution ≥0.1% were used and FA composition was normalized to 100% for all samples.
Levels of selected FAs were compared among algal species using 1-way ANOVA following tests to confirm that data met ANOVA assumptions. Post hoc pairwise comparisons were made with Bonferroni adjustments. FA compositions were compared among algae, and between urchin gonads and their respective diets using analysis of similarity (ANOSIM) on Bray-Curtis distances (Clarke & Warwick 1994) of untransformed data. FA composition of urchin gonads was compared across the 6 diet and habitat groups using multidimensional scaling (MDS) and ANOSIM on Bray-Curtis distances (Clarke & Warwick 1994) . Homogenous clusters of diet and habitat groups were determined using pairwise comparisons in ANOSIM (Bonferroni adjusted α = 0.05). Urchin gonad data were then pooled according to these homogenous clusters, and similarity percentage (SIMPER) analysis was conducted on the clusters to determine the contribution of each FA to the average Bray-Curtis similarity within each cluster, and to the average Bray-Curtis dissimilarity among groups (Clarke & Warwick 1994) . All multivariate analyses were conducted using PRIMER 5 software (Clarke & Warwick 1994) .
RESULTS

Algal consumption by urchins
Over the course of the 14 wk feeding experiment, mean ± SE consumption rates per urchin (calculated on a per aquarium basis, n = 5 aquaria per algal diet) on the 4 algal diets were: 0.43 ± 0.010 g d on Saccharina longicruris.
Lipid content and fatty acid composition of algae
The 4 algal diets (Agarum clathratum, coralline algae, Desmarestia viridis, and Saccharina longicruris) did not differ in lipid content (F 3,6 = 0.902, p = 0.493; Table 1 ), but differed in FA composition (ANOSIM, p < 0.001; Table 1 ). The saturated FA 16:0 was a major component of all algal diets, constituting between 13.4 and 25.0% of total FAs. Polyunsaturates 20:4n-6 and 20:5n-3 also were major components of all algal diets, making up 3.9 to 15.1% and 8.8 to 27.9% of total FAs, respectively. A. clathratum differed from other algal diets in having relatively high levels of 16:4n-1, and relatively low levels of 20:4n-6 and 20:5n-3. Coralline algae and A. clathratum both contained higher levels of 16:0 and 22:5n-3 than did D. viridis or S. longicruris. S. longicruris and D. viridis contained higher levels of 18:4n-3 than did coralline algae or A. clathratum. Relative to all other algal diets, corallines were rich in 16:0 and 20:5n-3 (ANOVA, p < 0.01 for all comparisons among algae).
Lipid content and fatty acid composition of urchin gonads
Lipid content of urchin gonads ranged from 0.7% (fed Desmarestia viridis) to 9.2% (fed Saccharina longicruris). Gonad lipid content differed significantly among groups of laboratory fed and wild collected urchins (F 5,78 = 9.791, p < 0.001; Fig. 1 ). Gonads of urchins fed coralline algae and D. viridis in the laboratory had significantly lower lipid content than did those fed S. longicruris or collected from kelp bed or barrens habitats. Gonad lipid content of urchins fed Agarum clathratum did not differ significantly from that of other groups.
Urchin gonads contained all FAs in the respective algal diet, as well as a number of others that were absent from or present only in trace amounts in the diet, but contributed markedly to the overall FA signature of the gonads (Table 1 ). The FAs found only in urchins were primarily 20:1n-9, 20:1n-7, 22:1n-9 and several non-methylene interrupted dienes (20:2Δ5,11; 20:2 Δ5,13; 20:2Δ5,11 and 20:2 Δ5,13). Several other FAs were found in urchin gonads at higher levels than in their diet (e.g. 14:0, 16:1n-7). Overall, the FA signatures of urchin gonads did not resemble those of their respective diets (ANOSIM, p < 0.04 for all diets; Table 1 ). However, urchins were separated into 3 homogenous clusters using MDS and ANOSIM: (1) urchins fed Agarum clathratum, coralline algae or Desmarestia viridis in the laboratory; (2) wild collected urchins from the kelp bed and urchins fed Saccharina longicruris in the laboratory; and (3) wild collected urchins from the barrens (Fig. 2) . Within group similarity for these clusters was 91, 89 and 90%, respectively. Average dissimilarity was 13.5% between Clusters 1 and 2, 15.7% between Clusters 1 and 3, and 15.8% between Clusters 2 and 3. The FAs that contributed most to dissimilarity among clusters included saturated FAs (14:0 and 16:0), monounsaturated FAs (16:1, , polyunsaturated FAs (16:4n-1, 18:4n-3, 20:4n-6, 20:5n-3) and non-methylene interrupted dienes (20:Δ5,11 and 20:2Δ5,13) ( Table 2) . Cluster 1 urchins were relatively rich in 20:1n-15, 20:2Δ5,11 and 20:2Δ5,13; Cluster 2 urchins were relatively rich in 14:0 and 16:0, and Cluster 3 urchins were relatively rich in 16:4n-1 and 20:5n-3 (Table 2 ).
DISCUSSION
The FA compositions of the 4 algal taxa in this study were distinct (Table 1) , and generally similar to those recorded in previous studies of the same or congeneric species: Corallina pilulifera (Kitamura et al. 1993) , Agarum cribosum (= clathrathum) (Khotimchenko 1998) , and Saccharina longicruris (Cook et al. 2000) . The FA composition of Desmarestia viridis in our study differed from that reported by Li et al. (2002) in that it was lower in 16:0 and 18:1n-9. Likewise, urchins fed different algal diets had distinct gonadal FA compositions; however, these did not directly correspond to those of their diets. Substantial levels of non-methylene interrupted dienes and other FAs present in urchin gonads, but not in their diets, as well as higher levels of certain FAs in urchin gonads than in algae, indicate significant levels of FA biosynthesis in urchins. This level of biosynthesis clearly reduced the influence of dietary FAs, although the urchins were still separated by their dietary groups. Although the gonads are the key site of lipid storage in sea urchins, the gonads also have a dual function as a reproductive organ and may therefore experience greater biochemical and FA modification than do other types of lipid storage areas (Hughes et al. 2006) . Thus, although other invertebrate herbivores may also synthesize significant amounts of FAs, these effects may be particularly pronounced in urchins due to their specific site of lipid storage. Although a correspondence between the FA compositions of urchin gonads and their diets has been documented in other studies (Cook et al. 2000 , LiyanaPathirana et al. 2002 , Castell et al. 2004 , these have compared a single algal diet to various synthetic diets of markedly different compositions. Urchins convert some dietary FAs to new FA products through various biosynthetic pathways (Cook et al. 2000 , Castell et al. 2004 . While synthesized FAs cannot be used as direct dietary indicators, their levels may vary with diet. For example, Castell et al. (2004) found correlations between dietary levels of precursor FAs (18:2n-6 and 18:3n-3) and levels of synthesized 11) in urchin gonads. We did not find such correlations between dietary precursors and products of biosynthesis in urchins.
Gonads of urchins fed Agarum clathratum, coralline algae and Desmarestia viridis in the laboratory contained relatively high amounts of the urchin synthesized FAs: 20:2Δ5,11 and 20:2Δ5,13. The urchins fed these 3 non-kelp algal diets had low estimated intake rates, the lowest fat contents in their gonads (Fig. 1) , and clustered together in MDS analysis (Fig. 2) . The effect of a particularly low fat-intake diet should stimulate FA biosynthetic rates, possibly contributing further to the low apparent influence of dietary FAs. However, although the urchins fed kelp in the laboratory and those collected from kelp grazing fronts formed a separate cluster in MDS analysis, there was no direct concordance between FAs in urchin gonads and their kelp diet (Table 1) .
The gonad FAs of urchins from barrens differed from those of all other groups, suggesting that the characteristic macroalgae of urchin barrens in eastern Canada -Agarum clathratum, coralline algae and Desmarestia viridis, which are all chemically or mechanically defended against urchin grazing (Himmelman & Nédélec 1990 , Gagnon et al. 2003 , 2005 ) -do not contribute significantly to the diet of urchins in this habitat. The polyunsaturates 16:4n-1 and 20:5n-3 were important in separating barrens urchins from all others, and accounted for an average of 1.8% and 9.0%, respectively, of total FAs in these urchins. The presence of these FAs suggests that urchins derive some FAs from microalgal films growing on coralline algae in barrens, as 16:4n-1 and 20:5n-3 are abundant in diatoms (Sargent et al. 1988 ). Diatoms and filamentous brown and red algae have been found in the gut of urchins from barrens in Nova Scotia (Chapman 1981) .
Wild urchins from a grazing front at the lower margin of a kelp bed and urchins fed Saccharina longicruris in the laboratory had similar gonad FA compositions, indicating that urchins in fronts derive most of their nutrition from S. longicruris and similar kelp species. This is consistent with field observations of dense urchin fronts that rapidly consume all kelp in their path (Chapman 1981 , Scheibling et al. 1999 , Gagnon et al. 2004 . Lauzon-Guay & Scheibling (2007) estimated that individual urchins at the grazing front at Splitnose Point consumed kelp at a rate of 0.027 g d -1
. Differences between the wild and laboratory urchins may be partly due to consumption of Laminaria digitata, which comprised approximately half of kelp biomass at this site (Lauzon-Guay & Scheibling 2007) . The gonad FA compositions of both wild urchins from a grazing front and urchins fed S. longicruris in the laboratory in this study were generally similar to FA signatures found by Liyana-Pathirana et al. (2002) and by Castell et al. (2004) using the same urchin and kelp species in controlled feeding experiments, and by Takagi et al. (1980) in wild urchins from a Nova Scotian kelp bed.
As stated previously, gonads of urchins fed single diets of the characteristic macroalgae of barrens had lower lipid contents than did gonads of wild urchins and of urchins fed Saccharina longicruris, suggesting that these barrens macroalgae are poor nutritional sources for urchins. Differences in sampling period between wild collected (November) and laboratory fed (September) urchins may account for some difference in lipid content between these groups, related to the gametogenic cycle and increasing gonad size in the fall (Meidel & Scheibling 1998) . However, the similarity in gonad FA signatures between urchins collected from the kelp grazing front and those fed S. longicruris in the laboratory suggests that, although seasonal differences could have affected gonad size and lipid content, they did not affect the FA composition. Gender also affects gonad FA composition of urchins (Hughes et al. 2006 ) and may account for some of the within group variability in our study.
We have shown that the FA composition of urchin gonads is substantially influenced by de novo FA synthesis and does not closely resemble that of their algal diets. Therefore, it is unlikely that algal FAs can be used as direct dietary tracers for sea urchins in the Nova Scotian system. However, our ability to distinguish urchins fed different algal diets by their gonad FA compositions indicates that FAs may serve as indirect dietary tracers in determining the source of primary production used by consumers at higher trophic levels. We also found evidence that urchins in barrens obtain much of their nutrition from nonmacroalgal sources such as diatoms, and that these sources may be more nutritious than macroalgae typically found in barrens such as Agarum clathratum, corallines and Desmarestia viridis. Captive feeding experiments that include algae, herbivores (including those that can synthesize a significant portion of their FAs) and higher order consumers are required to determine the applicability of FA analysis to bottom-up tracking of energy flow in benthic marine food webs. 
